In vitro cultured seedlings or microtubers are the major starting materials for the production of potato. Currently, seedlings are cultured in media sterilized by autoclaving, which, however, consumes more electricity and takes longer for sterilization, and also requires high temperature-tolerant vessel materials. In order to identify alternative methods of sterilizing culture conditions, the disinfection effects of chlorine dioxide (CD) at 88.0, 29.3, 17.6, 12.6 and 8.8 μM were evaluated in potato medium and vessels. the ≥12.6 μM gaseous CD effectively disinfected vessel through a 30-min fumigation process, and its aqueous solution disinfected potato medium efficiently as well. In presence of 12.6 μM CD in the medium, the potato seedlings had similar morphological features as those grown on autoclaved medium, with some exceptions. The use of 12.6-29.3 μM aqueous CD to sterilize the medium increased antioxidant enzyme activities in potato seedlings, while the use of higher concentration decreased antioxidant enzyme activity levels. SSR analysis did not reveal significant molecular differences in potato seedlings cultured between autoclaved and CD-sterilized medium. In addition to this, CD-sterilized medium induced potato microtuber formation at a similar rate as autoclaved medium. In summary, using CD to sterilize potato medium and vessels did not compromise the growth of seedlings and microtuber induction. This study provides an economical and simplified sterilization method for media used to culture potato plantlets, and this can improve energy use of the large-scale tissue culture industry.
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, which outlined the plan to extend potato cultivation acreage up to 17 million acres by 2020.
Two major limitations for potato seed production are diseases and the low multiplication rate 2, 3 . In vitro cultured seedlings, or microtubers, which are pathogen-free and genetically identical to field grown seedlings, together with their shortened growth period, provide an effective solution to address the limitations in mass-producing potato seeds 4 . Robust potato seed propagation protocols have been developed and applied at the commercial scale, and this was achieved by optimizing illumination condition, medium composition, and hormone combinations, as summarized by Dobránszki et al. 5 . The medium and vessels used in culturing potato seeds must be effectively sterilized to inactivate microbial populations without compromising the growth of the potato seedlings. Currently, media and vessels are sterilized by autoclaving at 121 °C for 20-30 min under high pressure (102.9 kPa). However, autoclaving has some disadvantages that impede the wide use of tissue culture methods to culture potato. The cost of electricity to autoclave materials is always an important contributor to total medium costs 6, 7 , although there may be some proportional differences among countries. Autoclaving also requires the use of vessels that are tolerant to high temperatures and pressure. Transparent, high quality materials allow for better illumination and plant growth conditions, but these materials are often intolerant to high heat. Instead, materials commonly used for autoclaving are not transparent and hinder growth of plants due to reduced illumination. Moreover, autoclaving may degrade some chemicals in the culture media, or generate harmful substances, such as sucrose-derived aldehydes and phenols that can result from the catalysis of FeNa-EDTA during the high temperature sterilization process 8 . For these reasons, different sterilization methods have been tested in plant tissue culture, such as the microwave oven 9 , plant essential oils 10 and chemicals. Chemical sterilization is advantageous in that it is more cost effective than autoclaving 11 . Accordingly, a number of chemicals, including diethyl pyrocarbonate 12 , chlorine dioxide [13] [14] [15] [16] , peracetic acid 13 , (2019) 9:10232 | https://doi.org/10.1038/s41598-019-46795-4
www.nature.com/scientificreports www.nature.com/scientificreports/ sodium hypochlorite [17] [18] [19] , and hydrogen peroxide 19 , have been used to sterilize plant medium culture. However, chemical sterilization of media has not been tested in potato tissue culture, despite the need for improved conditions to reduce the cost of producing microtubers.
Here, we present the application of chlorine dioxide (CD) to disinfect potato culture medium and a comprehensive evaluation of seedlings cultured in media sterilized with CD at the phenotypic, physiological and molecular levels. This method of sterilization may facilitate the use of pathogen-free materials in potato production by making the process economical, environmentally safe and simple.
Results
sterilization of vessels and medium with CD. Vessels were sterilized with CD by fumigating materials with gaseous CD in an airtight incubator. In all CD fumigation treatments tested, contamination was only observed in the vessels fumigated with the lowest concentration (8.8 μM) . Contamination rates at 8.8 μM gaseous CD were 100%, 52% and 8%, at 10, 20 and 30 min fumigation treatments, respectively. This indicates that sterilization of vessels requires relatively longer fumigation at lower CD concentrations. The effective concentration of gaseous CD to sterilize vessels using fumigation was minimum of 12.6 μM for 10 min, where longer or high concentrations of treatments were more effective. These results demonstrate that fumigating vessels with CD effectively inactivates microbes, similar to the results of glass surface sterilization via CD fumigation reported previously 20 . Similar to the sterilization of vessels, media sterilized with 8.8 μM CD was contaminated, while media treated with 12.6 μM or higher concentrations of CD, as well as media that was autoclaved, remained axenic (Table 1 , Fig. 1 ). Results were similar when plants were cultured in the media, where only those sterilized with 8.8 μM CD became contaminated. Moreover, there was no excessive moisture at the surface of media sterilized with CD and walls of the vessels (Fig. 1) , thus it could be used for experimentation immediately after solidification. Autoclaving involves subjecting materials to high temperature and high pressure conditions for approximately 20 mins, while CD is incorporated into the media and can continue to sterilize materials throughout the experiment through the slow release of CD into the microenvironment of vessels.
The presence of CD, however, may impose an environmental stress and oxidizing effect on cultured plants. Therefore, suitable concentrations of CD that can sterilize materials and facilitate the growth of plants need to be determined.
Morphological characters of potato seedlings cultured on CD-sterilized medium. To investigate the potential influence of CD on potato seedlings, three potato cultivars were cultured on media sterilized with 12.6, 17.6, 29.3 and 88.0 μM aqueous CD. Seedlings propagated on medium sterilized with various concentrations of CD showed differences in morphological indices, including the plant height, root length, branches and biomass (Table 2 ; Fig. 2 ). There were cultivar-specific morphological responses on different media. For plant height, Zhong 5 seedlings did not vary between autoclaved medium and 12.6, 17.6 and 29.3 μM CD-sterilized medium (P > 0.05), while plants cultured on 88.0 μM CD-sterilized medium were significantly shorter (P < 0.05). Hua 1 www.nature.com/scientificreports www.nature.com/scientificreports/ seedlings had similar height between autoclaved medium and 12.6 μM CD-sterilized medium (P > 0.05), and Hua 1 seedlings were significantly shorter when cultured in media that had been sterilized with higher CD concentrations (P < 0.05). Interestingly, A.R.I. seedlings had similar height on autoclaved and CD-sterilized media. Mean plant weight, root length and number of branches showed similar trends as plant height to different media. Taking the results from different cultivars into consideration, plants showed similar morphological features on media sterilized with 12.6 μM CD and autoclaved media (P > 0.05). These results indicate that the most appropriate concentration of aqueous CD for potato medium sterilization is 12.6 μM.
physiological indices of potato seedlings. To test for the potential effects of different media on antioxidant enzyme activity in potato seedlings, the activities of SOD, POX and CAT were measured in potato seedlings cultured on autoclaved and CD-sterilized media (Table 3) . SOD activity in Zhong 5 seedlings cultured on 12.6 μM CD-sterilized media was similar with those cultured on autoclaved media. The SOD activity in 12.6 μM CD-sterilized was lower than seedlings cultured on 17.6 and 29.3 μM CD-sterilized media and significantly higher than seedlings cultured on 88.0 μM CD-sterilized media (P < 0.05). Hua 1 seedlings on 12.6 μM CD-sterilized media had similar SOD activity as autoclaved medium and SOD activity was significantly higher in 12.6 μM media compared to other treatments (P < 0.05). In A.R.I. seedlings, autoclaved and 12.6 μM CD-sterilized media had similar SOD activity levels, which were significantly lower than seedlings cultured on 17.6 and 29.3 μM CD-sterilized media and higher than seedlings cultured on 88.0 μM CD-sterilized media (P < 0.05). Similar trends were observed in POX and CAT (Table 3) . Taken together, potato seedlings cultured on 88.0 μM CD sterilized media had significantly reduced POX, CAT and SOD activities compared to autoclaved media (P < 0.05), while media sterilized with 12.6 μM, 17.6 μM, and 29.3 μM CD showed equal or higher antioxidant activities compared to autoclaved media.
Some differences were observed in MDA accumulation in seedlings cultured on media treated with different sterilization conditions ( Table 2 . Morphological characteristics of three potato cultivars in media sterilized with different treatments. Data within one column followed by different lowercase letters indicate significant differences by Duncan's multiple range test (P < 0.05). www.nature.com/scientificreports www.nature.com/scientificreports/ CD accumulated more MDA compared to autoclaved media (P < 0.05), and seedlings cultured on 12.6 μM CD-sterilized media showed similar MDA levels as autoclaved media (P > 0.05).
The differences in antioxidant enzyme levels observed in seedlings cultured on higher concentrations of CD suggest that excessive CD can create a stressful environment for potato seedlings, therefore the sterilizing effect and potential negative impact on potato seedlings must be balanced when choosing CD concentrations for sterilizing media. Based on the physiological performance of seedlings, the use of 12.6 μM CD appears to cause the least stressful environment for seedlings of three potato cultivars.
Detection of genomic variation in potato seedlings via ssR. To investigate whether the presence of CD in the media lead to genomic variation in potato seedlings, 12 primer pairs 21 were used to amplify SSR regions of the genomic DNA of potato cultured on medium sterilized with different methods.
Each primer pair resulted in cultivar-specific PCR band patterns and these patterns were preserved in samples cultured on the different media (Figs 3, S1 ). Of all the amplifications, only one polymorphic band (STI0012) was observed in Zhong 5 and one (SSR0707) observed in Hua 1 seedlings cultured on medium sterilized with 29.3 and 88 μM CD (Table 4 ). The results suggest that media containing 12.6 and 17.6 μM CD do not cause genetic variations in the potato genome.
Microtuber induction. Microtubers were induced by increasing the sucrose concentration of autoclaved and CD-sterilized media to 8% and applying them to nodal segments. Sixty days later, microtubers were collected from seedlings (Fig. 4) . For Hua 1, media sterilized with 12.6 and 17.6 μM CD had comparable microtuber induction levels compared to autoclaved media (P > 0.05), while media sterilized with 29.3 and 88.0 μM CD did not yield many microtubers (Fig. 5) (P < 0.05). The number of per plant microtubers induced from autoclaved, 12.6 and 17.6 μM CD-sterilized medium was between 0.8-1.0, and it decreased to 0.7 and 0.2 in 29.3 and 88.0 μM CD-sterilized media, respectively. Zhong 5 and A.R.I. plantlets showed similar patterns of microtuber induction in response to the different media (Fig. 5) .
In order to induce microtubers, samples need to be cultured for up to 60 days. Interestingly, some contamination was observed in media sterilized with 12.6 μM CD after 60 days of culture. These results suggest that Table 3 . Physiological indices of potato plantlets cultured on different media. Data within one column followed by different lowercase letters were significantly different by Duncan's multiple range test (P < 0.05). www.nature.com/scientificreports www.nature.com/scientificreports/ microtuber induction should be conducted using 17.6 μM CD sterilized media, which yielded similar results to autoclaved media.
Discussion
The high cost of electricity during autoclaving has limited the use of in vitro plant cultures at a commercial scale. Thus, the development of an economical and simple method to sterilize plant culture media is of great practical significance to culture potato seedlings at an industrial-scale.
CD is an environmentally safe disinfectant that does not release toxic substances while sterilizing. CD has been applied broadly, including to disinfect tap water 22 , refresh agri-products 23 and sterilize air 24, 25 . In 2009, Cardoso successfully used CD to sterilize plant media to culture anthurium 13 . Afterwards, CD was applied to sterilize culture media for gerbera, and had similar sterilization efficiency as autoclaving, and resulted in similar Table 4 . Genomic variation of cultured seedlings as determined with SSR primers. www.nature.com/scientificreports www.nature.com/scientificreports/ or better growth of plants [14] [15] [16] . Our research group has evaluated the effectiveness of CD to disinfect explants to culture various plant species. Though CD can inactivate microbiota on plant explants, the viability of plants after CD-treatment was species-dependent 26 . Results from these recent studies indicate that the concentration of CD used to sterilize plant tissue culture and its effects on plant explants need to be taken into consideration.
In the present study, we describe the application of CD to sterilize plant culture media and vessels, and evaluate the influence of various CD concentrations on potato seedlings. CD was generated through a chemical reaction between sodium chlorite and food grade hydrochloric acid 27 , where sodium chloride was the only byproduct. High concentrations of sodium chloride, however, are toxic to plant cultures. Different plant species vary in saline tolerance, therefore the effective concentration of CD that can maintain normal growth of explants needs to be tested for each species. Previously, the commercial solution Tecsa-Clor ® , which contains CD, has been tested to sterilize gerbera culture media 14 . The generation of CD through a chemical reaction, as performed in this study, is convenient for gaseous or aqueous CD. Gaseous CD was employed to sterilize vessels for the first time and 12.6 μM CD was effective for sterilizing vessels after a 30-min fumigation process. Though high concentrations of gaseous CD (>10%) can be explosive [28] [29] [30] , the effective CD concentration for vessel sterilization is far lower than 10%, thus it does not pose a safety risk. Fumigating culture vessels with gaseous CD is a novel approach for vessel sterilization and allows for the repeated use of vessels that are not heat or pressure tolerant and therefore unsuitable for autoclaving.
As low as 12.6 μM aqueous CD was capable of sterilizing potato culture media. This concentration was lower than the concentration of sodium hypochlorite (NaOCl) used to sterilize media in previous studies 17, 18, 31 , but similar to the CD concentrations used in other plant species [13] [14] [15] [16] . Another advantage of using CD for sterilization is the low cost; the prices of sodium chlorite and food grade hydrochloric acid are far lower than commercial sodium hypochlorite products 11 . CD used to sterilize media can extend the sterilization effect, however, it is also a strong oxidizing agent that can cause stress to potato seedlings. Thus, the effect of CD on the growth of potato seedlings requires further systematic evaluation. In this study, the morphological indices, including plant height, root length, branches and biomass, decreased with increasing CD concentrations. Although some differences were observed among the three cultivars when cultured on CD-sterilized media, seedlings cultured on 12.6 μM CD-sterilized media were morphologically similar to those cultured on autoclaved media. In addition, microtuber induced on 17.6 μM CD-sterilized media maintained an aseptic niche for two months, which was similar to autoclaved media. The similar morphological features and rates of microtuber induction between autoclaved and CD sterilized media are in line with previous studies including Paris et al. 18 , while Teixeira et al. 17 and Cardoso & Silva 14 who reported that CD containing medium promoted the growth of plants. The differences in response to media treated with chlorine are likely species-specific.
Exposure to CD can result in antioxidative stress in longan fruit when it is used for shelf-life extension 32 . CD-sterilized media may affect the antioxidant enzyme activities of plants; however, previous studies have not investigated this effect. Compared with autoclaved medium, the activities of the antioxidant enzymes POX, CAT and SOD increased in seedlings cultured on media with ≤29.3 μM CD, and decreased significantly in media sterilized with 88.0 μM CD (P < 0.05). This is in accordance to the physiological responses of plants to other environmental stressors, such as hydrogen peroxide 33 , lower temperature 34 and drought
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. MDA, one of the end products of stress-induced lipoperoxidation of polyunsaturated fatty acids, is an important index that can indicate the function and integrity of the plant cell membrane [36] [37] [38] . Of the CD concentrations that were tested, plants grown in media sterilized by 12.6 or 29.3 μM CD had similar MDA levels as seedlings on autoclaved media, though there were some differences among three potato cultivars. These results suggest that potato cells adapt to low-level CD stress by raising antioxidant enzyme levels to scavenge free radicals, while high CD stress likely destroys antioxidation system and decrease the activity of antioxidative enzymes.
Clonal fidelity is a very important indicator to evaluate the quality of tissue culture seedlings. Cardoso & Silva 14 observed the normal growth of tissue culture gerbera seedlings cultured on CD-sterilized media until fully grown. In this study, we employed simple sequence repeats (SSRs) to study potential genetic changes in potatoes cultured on CD-incorporated medium. Most of the primers exhibited identical patterns when cultured on autoclaved and CD-sterilized media. This suggests that CD-sterilized media does not induce genomic variation in potato cultures.
In conclusion, culture vessels were successfully sterilized by fumigating materials with 12.6 μM gaseous CD for 30 min at room temperature, and potato culture media was sterilized by the addition of 12.6 μM aqueous CD for seedling multiplication and 17.6 μM aqueous CD for microtuber induction. The cultured potatoes were not different from those generated on autoclaved media at the morphological, physiological and molecular levels. Our results confirmed that CD can be used to effectively sterilize potato culture media and vessels, which may facilitate the production of pathogen-free seedlings and microtubers in a simple and economical manner.
Methods plant materials.
The tissue culture seedlings of the potato cultivars Zhong 5, Hua 1 and A.R.I were provided by Prof. Jun Liu at the Huazhong Agricultural University, P.R. China. Seedlings were propagated through nodal cuttings, with each cutting having one axillary bud. Nodal cuttings were placed on MS basal medium 39 containing 3% sucrose and 0.6% agar, and without exogenous growth regulators (pH 5.8). The nodal cuttings were incubated at 25 ± 1 °C and ≈60% relative humidity under an illumination scheme of 16 h/8 h (light/dark) with a light intensity of 50 μmol m −2 s −1 . Three weeks after culturing cuttings on MS media, the micropropagated seedlings were sheared into nodal cuttings and used for further tests.
Reagents. MS basal salts were purchased from Jiafeng Articles for Horticulture Shanghai Co., Ltd. (Shanghai, China), and other chemicals used in this study were purchased from Sigma (Saint Louis, MO, USA).
www.nature.com/scientificreports www.nature.com/scientificreports/ Generation of CD. CD was generated by the chemical reaction between sodium chlorite (NaClO 2 ) and hydrochloric acid (HCl) at room temperature through the following formula:
To achieve this, sodium chlorite was dissolved in ddH 2 O and then mixed with food grade hydrochloric acid in a capped volumetric flask. Given sufficient hydrochloric acid, one gram of sodium chlorite can generate 594.7 mg of aqueous CD, which can be used to create a stock concentration of 8.8 mM at 1 L with ddH 2 O. The stock solution was stable for use for two weeks in a brown airtight glass bottle at 4 °C, and was diluted to working concentration before use. To generate gaseous CD, sodium chlorite was directly mixed with sufficient hydrochloric acid to produce gaseous CD. The concentration of gaseous CD was adjusted according to the volume of the airtight room.
Medium preparation and sterilization. MS basal salts and sucrose were dissolved and stirred in ddH 2 O containing CD at 60% medium volume in an airtight flask. Agar was dissolved in ddH 2 O at the remaining 40% medium volume and heated in a microwave oven until the solution became transparent. The agar solution was poured into the rest of the medium and stirred for 20 min. The pH of the medium was adjusted to 5.8 using potassium hydroxide. Vessels were sterilized by fumigation with gaseous CD in an airtight room and the sterilized medium was poured into sterilized vessels in a laminar flow hood.
Under airtight condition, various concentrations (88.0, 29.3, 17.6, 12.6 and 8.8 μM) of gaseous CD were freshly generated to fumigate by uncapping vessels and caps for 10, 20 and 30 mins. The sterilization effect was detected by pouring autoclaved MS basal medium into the fumigated vessels in a laminar flow hood and incubating at 25 °C for 15 d. For medium sterilization, various concentrations (88.0, 29.3, 17.6, 12.6 and 8.8 μM) of aqueous CD were used to prepare media. Sterilized media was poured into CD-fumigated vessels in a laminar flow hood and incubated at 25 °C. For the sterilization of both vessels and medium, autoclaved vessels poured with autoclaved medium were used as control, and the sterilization effect was observed and recorded after 15 days.
potato seedling multiplication and microtuber induction. Seedling multiplication was induced using hormone-free MS basal medium supplemented with 3% sucrose and 0.6% agar to obtain microtubers. The nodal cuttings were incubated at 25 ± 1 °C and ≈60% relative humidity conditions, under an illumination scheme of 8 h/16 h (light/dark) with a light intensity of 50 μmol m −2 s Morphological indices. Twenty-five days after culture, morphological indices of the seedlings were measured, including plant height, root number, root length, branches and fresh biomass. Only primary roots were counted for root number. Ten randomly selected seedlings were recorded and averaged for each index per treatment conditions.
Measurement of physiological indices.
The superoxide dismutase (SOD), peroxidase (POX), catalase (CAT) and malondialdehyde (MDA) were measured following Zhang et al. 40 . Each treatment was conducted in triplicate and each replicate was pooled from three to five seedlings.
To measure SOD activity 0.5 g of seedlings from each treatment was ground in 10 ml of precooled PBS then centrifuged at 1000 r/min at 4 °C for 20 min. The supernatant was removed as the SOD extract. The reaction mixture contained 1.5 ml of 50 mM phosphate buffer solution (PBS, pH 7.0), 0.3 ml of 100 μM EDTA-Na 2 , 0.3 ml of 130 mM MET, 0.3 ml of 750 μM NBT, 0.5 ml of ddH 2 O, 0.1 ml of SOD extract and 0.3 ml of 20 μM riboflavin. Two blank controls were prepared by using 0.1 ml ddH 2 O to substitute for the SOD extract in the reaction mixture. One blank control was immediately placed in the dark once prepared, while the other blank control, together with the reaction samples, was illuminated with a fluorescent lamp for 15 min. Using the control incubated in the dark as a blank, the A 560 of all reactions was measured using a spectrophotometer.
To measure POX activity 1 g of seedlings from each treatment was ground in 5 ml of 20 mM PBS in a mortar and then centrifuged at 4000 r/min at 4 °C for 15 min. The supernatant was removed as the POX extract. The supernatant volume was increased to 8 ml with PBS. A reaction mixture solution was prepared by adding 28 μl of guaiacol and 19 μl of 30% hydrogen peroxide into 50 ml of 100 mM PBS. Before detection, 200 μl of POX extract was mixed with 3 ml of phosphate buffer mixture, and used to measure the A 470 at 30 s intervals.
To measure CAT activity 2 g of seedlings from each treatment were ground in 10 ml of acetone in a mortar and then centrifuged at 10000 r/min at 4 °C for 10 min. The supernatant volume was increased to 3 ml with acetone. This solution was mixed with 3 ml of solvent [CCl 4 :CHCl 3 = 3:1], followed by mixing with 5 ml ddH 2 O. The mixture was centrifuged at 5000 r/min at 4 °C for 1 min, yielding the supernatant as the CAT extract. For CAT measurement, 1 ml CAT extract was mixed with 2 ml of reaction solution and used to measure A 560 at 30 s intervals against a ddH 2 O blank.
To measure MDA content 1 g of seedlings from each treatment was ground in 5 ml of 10% trichloroacetic acid (TCA) in a mortar and then centrifuged at 4000 r/min at 4 °C for 10 min. The supernatant was removed as the MDA extract. For MDA measurements, 2 ml of MDA extract was mixed with 2 ml of 0.6% 2-thiobarbituric acid (TBA), then heated in a boiling water bath for 15 min. The solution was centrifuged at 4000 r/min for 15 min and then cooled to room temperature. The A 532 and A 450 were measured using a blank of equal volume of a mixture of ddH 2 O and 0.6% TBA.
Detection of genomic variation via simple sequence repeats. To detect whether CD-sterilized medium led to genomic variation in potato plants, 12 pairs of simple sequence repeats (SSR) primers (Supplementary Table S1 ) spanning 12 chromosomes 14 were used to amplify genomic DNA from plants cultured with media sterilized under different conditions. Genomic DNA isolation and PCR amplification were performed www.nature.com/scientificreports www.nature.com/scientificreports/ following previous publications 41 . The PCR components were denatured at 94 °C for 5 min, followed by 35 cycles of 94 °C 30 s, annealing at various temperatures (Supplementary Table S1) for 30 s and 72 °C 45 s, and a final extension at 72 °C for 5 min. The PCR product was detected by 8% SDS-PAGE gel electrophoresis and observed under a gel imaging system.
Data analysis.
All experiments were carried out in triplicate and data are presented as mean ± SD. The experimental treatments were compared using an analysis of variance (ANOVA) with a P value at or below 0.05 for the significance cut-off. Statistical significance between mean values of the replicates was assessed using a Duncan's multiple range test (DMRT). Statistical analysis was performed using SPSS 21.0.
Data Availability
The datasets supporting the conclusions and description are included within the article.
